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Abstract—Wireless communications refer to data transmissions
in unguided propagation media through the use of wireless
carriers such as radio frequency (RF) and visible light (VL)
waves. The rising demand for high data rates, especially, in indoor
scenarios, overloads conventional RF technologies. Therefore,
technologies such as millimeter waves (mmWave) and cognitive
radios have been adopted as possible solutions to overcome the
spectrum scarcity and capacity limitations of the conventional RF
systems. In parallel, visible light communication (VLC) has been
proposed as an alternative solution, where a light source is used
for both illumination and data transmission. In comparison to RF
links, VLC links present a very high bandwidth that allows much
higher data rates. VLC exhibits also immunity to interference
from electromagnetic sources, has unlicensed channels, is a very
low power consumption system, and has no health hazard. VLC
is appealing for a wide range of applications including reliable
communications with low latency such as vehicle safety commu-
nication. Despite the major advantages of VLC technology and a
variety of its applications, its use has been hampered by its cons
such as its dependence on a line of sight connectivity. Recently,
hybrid RF/VLC systems were proposed to take advantage of the
high capacity of VLC links and better connectivity of RF links.
Thus, hybrid RF/VLC systems are envisioned as a key enabler
to improve the user rates and mobility on the one hand and to
optimize the capacity, interference and power consumption of the
overall network on the other hand. This paper seeks to provide a
detailed survey of hybrid RF/VLC systems. This paper represents
an overview of the current developments in the hybrid RF/VLC
systems, their benefits and limitations for both newcomers and
expert researchers.
Index Terms—Radio frequency (RF), visible light communi-
cation (VLC), hybrid RF/VLC, wireless fidelity (Wi-Fi), hybrid
networks, hybrid RF/VLC environments.
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I. INTRODUCTION
Wireless communication systems have undergone many
changes and developments since their inception that coincide
with the discovery of electromagnetic waves (EM) and wire-
less telegraph to the present day as advanced technologies such
as smartphones, connected vehicles and the Internet of Things
(IoT) became widely available. All these new technologies rely
on wireless communication to adapt to the common demand
for high bandwidth and data rates. Over the past decades,
mobile communications that started with first-generation (1G)
and followed by second, third, fourth and fifth generations
(2G, 3G, 4G, and 5G) in addition to the wireless fidelity (Wi-
Fi) standards for short-range wireless communication (IEEE
802.11) have evolved rapidly especially in terms of data rate,
capacity, and medium access methods.
The idea of millimeter-wave (mmWave) systems was lately
introduced to cope with over-occupied low-frequency bands.
Unfortunately, using RF systems in the mmWave band has
a lot of challenges in terms of channel modeling and trans-
mission power. However, channel modeling and measurements
for this band were reported by a lot of studies such as [1].
Despite these challenges, mmWave systems are seen as one
of the strongest candidates for 5G systems and some IEEE
standards for these systems were introduced as in [2] (IEEE
802.11ad for the 60 GHz band). Alternatives to traditional RF
systems in terms of mmWave systems are discussed in [1],
[3], [4].
As an alternative to communication systems that operates in
the RF band (3 kHz to 300 GHz), the use of visible light (VL)
band (400 THz to 800 THz) for wireless communications has
been proposed. The idea of using light to transmit a signal
has been proposed by Bell and Tainter in 1880 (photo-phone)
as discussed in [5]. However, the idea of transmitting data
using a light source was first introduced using a fluorescent
lamp in [6]. Later, the idea of using the fast switching light-
emitting diodes (LEDs) was discussed for the first time in [7].
As early as the 2000s in Japan, the white-LED was used
for both illumination and communication by researchers at
Keio University [8]. After this achievement, numerous studies
have been published on how to make use of white-LEDs in
communication systems. Based on visible light communication
(VLC) technology, light fidelity (Li-Fi) was then proposed
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Fig. 1. Comparing the pros and cons of VLC & RF standalone systems.
in [9], [10] to form a small-cell wireless access network where
multiple light sources in an indoor environment are used as
access points (APs).
In 2011, the first IEEE standard related to VLC (802.15.7)
was published by IEEE 802.15 working group for Wire-
less Personal Area Networks. The details of this standard
pertaining to data rates, modulation schemes, and dimming
mechanisms are discussed in [11]. After the introduction of
the VLC idea, a lot of studies and surveys discussed the
possible applications, advantages, and limitations of these
systems, see e.g., [12], [13]. In [14], the authors presented
the limitations and advantages of using VLC as a candidate
for 5G systems. In [12], Pathak et al. discussed the details
of VLC based systems and some of the possible applications
like VLC sensing and indoor localization and even using of
VLC in vehicle-to-vehicle (V2V) communication. In [15],
Uysal et al. discussed the usage of VLC in V2V and the
achieved data rate limitations when utilizing LED headlamp
used by automotive industry in VLC. In [16], Chowdhury et
al. provided an overview on optical wireless communication
systems and their network architectures and applications.
Fig. 1 summarizes the weaknesses and strengths of RF and
VLC systems as standalone networks. Based on these, there
are several studies investigating how RF and VLC systems
can be used as a complementary technology to each other.
Analogously, numerous studies have proposed hybrid RF/VLC
systems to overcome the limitations of VLC by using RF
technology in conjunction with the VLC systems.1
To our best knowledge, the only tutorial discussing hybrid
RF/VLC systems was published in [17], [18]. Ayyash et al.
in [17] discuss the coexistence opportunities of Wi-Fi and
Li-Fi systems, the opportunities that these systems present
for off-loading of Wi-Fi systems and the challenges faced by
these wireless heterogeneous networks (HetNets) as a future
1The research carried out on hybrid RF/VLC are chronologically ordered
and summarized in Table IX.
solution in 5G systems. Chowdhury et al. in [18] discuss the
possibility of using a hybrid RF and optical wireless network
to meet the 5G requirements. They provide a brief overview
of optical wireless networks and the possible hybrid network
architectures and describe the possible research directions and
improvements for hybrid RF/VLC networks. Moreover, mul-
tiple surveys discussing the improvements of VLC and Li-Fi
networks have discussed the idea of hybrid RF/VLC networks
as in [19]–[21]. A recent survey was published on arXiv [22]
which focuses more on optimizing the Li-Fi/ Wi-Fi network
parameters (user behavior modeling, interference management,
handover, and load balancing) and did not focus on the general
RF/VLC systems. In addition, a general overview of the optical
wireless hybrid systems and current research trends and issues
in network layer level is presented in [23]. After the publishing
of [18], a large number of studies have been reported on the
design and performance analyses of these systems as described
in chronological order in Table IX.
This survey focuses on achieving the following goals:
1) Highlighting the design aspects of VLC systems such as
channel modeling, system performance, advantages, and
limitations.
2) Highlighting the RF technologies that are used in hybrid
systems and their corresponding channel models.
3) Offering readers a general understanding of hybrid
RF/VLC systems, their history, and the desired goals
intended to accomplish.
4) Pointing out the contributions of the major hybrid
RF/VLC studies according to their network topology and
performance analysis.
5) Outlining the challenges in the development of hybrid
RF/VLC systems, future research directions, and possi-
ble promising applications.
6) Comparing all of the existing studies on hybrid RF/VLC
systems in terms of the employed technologies, network
topologies and main features.
7) Pinpointing research challenges, future research direc-
tions, and possible applications.
The rest of the paper is organized as follows. VLC and
RF systems are presented in Section II. Hybrid RF/VLC
systems, network topologies, performance analysis studies,
system-level simulations, and implementations are discussed
in Section III. Research directions and emerging applications
of hybrid RF/VLC systems are presented in Section IV. This
survey ends with concluding remarks on the potential of hybrid
RF/VLC systems. Nomenclature and key symbols used in the
paper are summarized at the end of the paper.
II. VLC AND RF TECHNOLOGIES
In this section, we provide an overview of the VLC and
RF systems highlighting the used modulation techniques and
channel properties. We further compare these two systems
motivating the need for developing hybrid RF/VLC systems.
A. VLC Systems
The main requirement for a VL source to be used in
a communication link is that the light intensity should be
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modulated at a rate higher than 200 Hz [11] to avoid any
flickering effects to the human eyes. Despite this minor re-
quirement, VLC research has shown that high data rates can be
achieved (nearly 100 Mb/s in IEEE 802.15.7 [11]). Moreover,
as previously discussed, there are a lot of motivations behind
using the VL band. First, the availability of a huge unlicensed
spectrum in the optical band (VL band). Second, the very high
frequency of this band makes VL unable to penetrate objects
and walls. This property of the VL band allows the reusing of
the same bandwidth for small cells since there is no inter-cell
interference due to cells placed in different rooms or buildings.
Moreover, the high path loss and inability to penetrate walls
improve further the security of VLC systems since it is
impossible for anyone outside the building to eavesdrop on
the inside-the-building VLC network. Third, the VLC systems
can be deployed using the existing illumination infrastructure
especially in indoor scenarios, which will make the system
energy and cost-efficient. Fourth, VL-based systems do not
interfere with existing RF-systems, and thus, VLC systems
can be used in RF-sensitive areas like in hospitals, airplanes,
nuclear plants, etc. Therefore, the advancements that happened
in indoor lighting industry (LEDs ) and in photodetectors
(PDs) technology made VLC possible.
Despite the major advantages of VLC technology and
variety of its applications, its use has been hampered by its
cons such as its dependency on the line of sight connectivity
that results in low coverage of VLC-based networks and its
performance is heavily influenced by front-end bandwidth and
losing of the LOS link due to mobility and shadowing.
Despite the fact that the optical channel of visible light is
in the order of THz, the bandwidth of commercial LEDs is
limited. It has been shown that the LEDs modulation band-
width is in the order of MHz to hundreds of MHz [24]. This
makes it a bottleneck for achieving high-rate transmission.
Different efforts have been conducted to address this. The
first optical transmitter that was adopted is phosphor-converted
LED. The bandwidth of a phosphor-converted LED is limited
because of its slow response. A post-equalization circuit which
consists of one active equalizer and two passive equalizers was
then proposed to extend the bandwidth up to 150 MHz [25].
Utilizing the fact that if higher bandwidth LEDs are employed,
the bandwidth can be significantly increased. For example, 1
Gbps was reported by the using micro LEDs as transmitters
[26].
Different experiments have been conducted in the literature
comparing LOS with non-LOS (NLOS) Links. In [27], they
have carried out an experimental studies where the mea-
surements have been done in an empty room for different
scenarios including LOS and NLOS cases. They have con-
sidered frequency sweeping technique in their measurements
by the using of vector network analyser (VNA) in an effort
to obtain CIR. While the reflected rays can still be detected
in NLOS scenarios, the channel gain severely dropped (see
[27, Fig. 6]). Similar observations can be seen in [28] where a
commercially optical and illumination design software is used
for obtaining CIR. Moreover, uplink in VLC systems can be
considered as one of the major challenges. Furthermore, the
advancements in the LED industry are still hard to support the
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Fig. 2. Block diagram of the basic structure of the VLC system.
user equipment (UE)’s side with a VLC transmitter. Moreover,
VLC is sensitive to interference caused by other light sources
which can be clearer in daylight or outdoor scenarios. Also, the
dimming mode for using VLC in low light scenarios can be an
issue although an advanced modulation technique (enhanced
unipolar orthogonal frequency division multiple access (eU-
OFDM) [29]) has been proposed for Li-Fi systems to operate
at very low light intensity scenarios while keeping a reasonable
data rate. An important design consideration for VLC networks
is the LED connectivity to the internet source. Typically,
VLC networks present a large number of APs of LED arrays
which make internet connectivity challenging. Most of these
limitations have been recognized in literature and solutions
have been proposed to resolve them [30]. We will outline the
main solutions later in this survey.
Next, we will focus on introducing the basic VLC system
components, modulation techniques and channel properties
that help in developing a robust hybrid RF/VLC system with
respect to the limitations outlined above. Fig. 2 depicts the
basic structure of the VLC system. We will later outline the
main differences between the RF systems and VLC systems.
It is clear that the base-band algorithms will not change a
lot except for the fact that LEDs and PDs operate in the
non-negative voltage range, unlike the RF antennas. At the
transmitter side, an LED is used instead of an antenna in the
RF system. This LED needs two inputs: an analog signal and a
direct current (DC) supply to drive the LED. Additionally, like
in the RF-based systems, a digital to analog converter (DAC)
is used to convert the digital signal into an analog signal after
getting the modulated data from the base-band modulator. At
the receiver side, a PD is used instead of a receiving antenna
and the signal is amplified by using an electric amplifier,
sometimes adding some optical lens and filters to improve the
field of view (FOV) and gain of the receiver. After amplifying
the signal, an analog to digital converter (ADC) is used to
convert the analog signal into a digital signal that is to be
processed by the base-band digital demodulator.
1) VLC Front-Ends: There are two major types of struc-
tures for colored/white LEDs used in general lighting. The
first type consists of a blue-colored LED with a phosphor layer
coated on top of it. When an electric current is applied to the
LED, light is emitted from that LED and part of it is absorbed
by the phosphor to generate the second color. The combination
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TABLE I. Comparison of different VLC receivers in terms of cost, data rate, sensitivity, size, power consumption and availability in current UE.
Photo-detector Solar-cell Imaging-sensor
Cost Moderate Low High
Data rate High Moderate Moderate
Sensitivity Sensitive High Sensitivity Low Sensitivity
Size Small Large Moderate
Power consumption Moderate Low High
Availability in current UE No Rare Available with modification needed
  
𝜃max 
𝜙 
𝜃 
𝛹𝑐  
LED Lamp 
PD 
Distance (𝑑) 
Fig. 3. LED based LOS channel model [33], where a VLC transceiver system
model illustrating the parameters of VLC channel models is presented.
of these two colored lights results in colored/white light.
Another type of LED is produced by mixing lights from three
primary colored chips (RGB). Three chips emit each color
simultaneously and at the output, the required colored/white
light is produced. The phosphor white LED has the advantage
of low cost. However, the nature of phosphor light conversion
makes it unsuitable for high-speed data communication due to
phosphorous response time. In other words, white phosphor
LEDs (WPLEDs) exhibit a limited bandwidth of few MHz
while RGB LEDs present a higher bandwidth with an order
of magnitude higher than WPLEDs [31], [32]. Furthermore,
RGB-LEDs are suitable for color shift keying (CSK) modu-
lation technique. This will be discussed in more detail in the
VLC modulation methods subsection.
On the receiver side, there are three types of receivers that
can be used:
• Photo-detector (photo-diode) (PD)):
It is a semiconductor device that converts the light energy
to a voltage difference and it can support very high data
rates.
• Solar-cell2:
It is a larger version of a photo-detector used to collect
as much light energy as possible.
• Imaging-sensor:
It is an array of photo-detectors that can be used to
improve the data rates.
2Solar-cells, typically, detect light and other electromagnetic radiation near
the visible range such as infrared.
Table I illustrates a comparison between the three methods
for receiving the signal in VL-based systems in terms of cost,
data rate, sensitivity, size, power consumption and availability
in current UE.
In this survey, it is assumed that the VLC systems use
normal blue LEDs with a phosphor transmitter and photo-
detector receivers unless stated otherwise.
2) VLC Path Loss Models: Several works have been done
on channel modeling and characterization for indoor opti-
cal link [34]–[41]. For example, assuming single reflections,
Gfeller and Bapst in [34] have proposed the first propagation
model. Assuming multiple reflections, Barry et. al. in [35] have
proposed a recursive simulation model. While the previous
models were proposed for IR, in 2011, Lee et. al. have
extended the channel models of IR and produced the first
indoor channel model for VLC systems [42].
For indoor VLC systems as shown in Fig. 3, the transmitter,
which is based on LEDs, is generally modeled by a Lambertian
pattern [35], [43], [44]. The channel gain based on LED with
Lambertian pattern that considers LED beam solid angle, LED
beam maximum half-angle, the angle between the source-
receiver line and beam axis, and the angle between the source-
receiver line and receiver normal is adopted by most papers
that consider hybrid RF/VLC. VLC path loss models can be
summarized as follow:
• Lambertian model:
For indoor VLC, the channel gain of LOS is generally
modeled by the Lambertian emission and given by [44]
Hv=
(m+1)AR
2pid2
Ts(θ)g(θ)cos
m(φ)cos(θ),∀θ<φmax,(1)
where AR is the optical detector size, and d is the distance
between the receiver and the transmitter. φ and θ stand for
irradiance and incidence angles, respectively. In addition,
φmax represents the semi-angle at half-power of the LED,
m is the order of the Lambertian model and is given by
m = − ln(2)ln(cosφmax) , Ts(θ) is the gain of the optical filter,
and g(θ) is the concentrator gain, which is assumed to
be a constant depending on the concentrator design.
• Simple path loss model:
In the simple model (similar to the RF path loss model
[1]), the power-distance relation is modeled as follows
Hv = K[d]
−ς , ∀ d > 1, (2)
where Hv is the optical channel gain, K is a constant
that represents all the gains and the transmitted power
and ς denotes the channel path loss exponent which
usually depends on the channel environment. This simple
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model assumes that the channel only has a path loss
factor and a gain which is dependent on the system gains
and interference from the environment. It is used by the
studies where the VLC system is assumed static and only
the distance of the LOS is changing without a change in
the irradiance and incidence angles.
3) VLC Modulation Methods (PHY): The typical candi-
dates for the front-end devices in VLC systems are incoherent
LEDs and laser diodes (LD) because of their low costs. Due to
their physical characteristics, information can be transmitted
by modulating the intensity of the light. Therefore, the trans-
mitted signal should be a unipolar non-negative real-valued
signal. Such a VLC technique of modulation/demodulation is
referred to as IM/DD (Intensity Modulation/ Direct Detection).
For IM/DD, some techniques can be applied in, relatively,
straightforward manner, e.g., pulse width modulation (PWM),
pulse position modulation (PPM), on-off keying (OOK), and
pulse amplitude modulation (PAM). As the data rate increases,
these modulations begin to suffer from the effects of inter-
symbol interference (ISI) as a result of frequency selectivity.
Therefore, a more suitable modulation technique is needed.
A typical candidate is orthogonal frequency division multi-
plexing (OFDM). Not only OFDM has a flat fading channel
for each subcarrier but also allows for an adaptive bit and
power loading which leads to optimal utilization of available
resources. Furthermore, OFDM includes simple equalization
in the frequency domain with single-tap equalizers in addition
to its ability to avoid frequency distortion due to flickering. It
should be, however, noted that the typical OFDM signals are
bipolar complex-valued. Therefore, the standard OFDM must
be modified in order to make it suitable for IM/DD.
On the other hand, the use of light, simultaneously, for
illumination and data communication purposes poses some
challenges that require consideration in implementing the VLC
system. The two main challenges are dimming support and
flicker mitigation. Typically, the lighting fixture is equipped
with dimming control that allows users to control the level of
brightness they prefer. While flicker is observed by the human
eye as a result of continuous switching between on and off
during data transmission.
The main modulation schemes presented in the literature
can be itemized as follows:
• On-off keying: OOK is the simplest form of modulation
that represents data in VLC as, typically, the presence
or absence of light. In this form, the presence of light
represents a binary one, while the absence represents a
binary zero. Some more sophisticated OOK schemes vary
the duration of presence and absence [45]–[48].
• Pulse modulation: Pulse modulation is a simple modula-
tion scheme where the transmitted signal is presented in
form of pulses [49]–[52]. It is classified into three major
types:
– Pulse-width modulation/Pulse-duration modulation
– Pulse-amplitude modulation
– Pulse-position modulation
• Orthogonal frequency division multiplexing: OFDM is
a multi-carrier technique, where the available frequency
band is divided into many small bands by the using of
orthogonal sub-carriers [53]–[58].
• Color shift keying: CSK is a VLC modulation scheme,
where the data is transmitted by the using of different
colors with the same intensity [59]–[61].
4) VLC Multiple Access Schemes: In VLC, different multi-
ple access methods that allow more than two users/nodes to be
connected to the same transmission medium and transmitted
over it have been proposed such as:
• Carrier sense multiple access (CSMA): a user/node tries
firstly to determine if another transmission is in progress
before setting up its transmission by the use of carrier-
sense mechanism (CSM). If CSM sensed a current trans-
mission, user/node waits for the current transmission to
be ended [62].
• Orthogonal frequency division multiple access
(OFDMA): OFDMA is a modified version of the
OFDM where multiple access is achieved by assigning
different subcarriers to different users/nodes. This allows
simultaneous transmission from several users/nodes [63].
• Code-division multiple access (CDMA): CDMA is a
channel access scheme where several users/nodes can
send data simultaneously over a single VLC channel.
This allows several users/nodes to share the same band
of frequencies without too much interference between
them by the use of a special coding scheme where each
user/node is assigned a special code [64].
• Non-orthogonal multiple access (NOMA): in NOMA,
users/nodes share the available time and frequency re-
sources simultaneously, which leads to low latency and
better spectral efficiency [65]. NOMA systems can be
accomplished in two domains, i.e., power or code do-
mains. The most commonly used one is NOMA with a
power domain where different power levels are assigned
to different users/nodes. On the other hand, in the NOMA
scheme with code-domain, multiplexing is accomplished
by the use of spreading sequences similar to CDMA
technology.
It should be further noted that the access method can be a
part of multiple access protocol (MAP) and control mechanism
(CM), which is known as medium access control (MAC).
MAC deals with issues such as assigning channels to different
users/nodes.
B. RF Systems
Since RF systems are old and well-established technology,
researchers have used multiple standards and bands to improve
their performance. Most of the proposed solutions employ Wi-
Fi (microWave) technology. Conventional Wi-Fi operates in
frequency ranges that are below 6 GHz3. In this frequency
range, the data rate is in the range of several 100 Mbps. For
achieving several Gbps, some studies explored the possibility
of using mmWave systems instead of old microWave systems.
3There are several RF ranges for Wi-Fi communications: 900 MHz, 2.4
GHz, 3.6 GHz, 4.9 GHz, 5 GHz, 5.9 GHz, and 60 GHz bands”. However,
communication with 60 GHz is limited to a few meters and can not pass
through walls compared to conventional Wi-Fi frequencies.
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The different RF systems used in RF/VLC systems studies can
be classified in the following categories:
1) Wi-Fi: Wi-Fi is a wireless communication technology
that refers to the IEEE communications standards for wireless
local area networks (i.e., IEEE 802.11) and was created in
1997. This technology which is based on the direct sequence
spread spectrum (DSSS) and frequency-hopping spread spec-
trum (FHSS) uses radio signals that allow accessing the
internet while moving from one place to another via high-
speed network connections. IEEE 802.11 supports up to 2Mb/s
data rates. Different versions of Wi-Fi (i.e., different standards)
have been proposed: IEEE 802.11a which works on the 5 GHz
band and yields a maximum of 54Mb/s is based on OFDM
and was created in 1997. IEEE 802.11b works on the 2.4 GHz
band and offers a maximum of 11Mb/s and was created in
1999. IEEE 802.11g works on the 2.4 GHz band, provides a
maximum of 54Mb/s and was created in 2003. IEEE 802.11n
works on the 2.4 GHz and 5 GHz bands were created in
2009. This standard supports multi-channel with a maximum
of 150Mb/s/channel. In addition, IEEE 802.11ac was invented
in 2014, and this standard increases the data rate up to 1300
Mb/s [66], [67].
2) mmWave: Most commercial radio communications in-
cluding Wi-Fi work in a narrow band of the RF spectrum (i.e.,
300 MHz-3 GHz). However, the part of the RF spectrum above
3 GHz is mostly unexploited for commercial applications.
Recently, there is a huge interest in utilizing this range. For
example, the range 3.1-10.6 GHz has been proposed for high
data rate connectivity in personal area networks. The range
57-64 GHz is used to provide data rates at the order of
Gbps for short-range local area networks. Furthermore, the
range of 28-30 GHz has been proposed for local multipoint
distribution services. Millimeter waves can support high data
rates at the order of Gbps but are severely affected by the
absorption caused by oxygen molecules and water vapors from
the atmosphere. Since oxygen absorbs EM waves at around
60 GHz, the frequency range 57-64 GHz can experience huge
attenuation on the order of 15 dB/km. On the other hand, the
range 164-200 GHz is severely affected by the concentration
of water vapors in the atmosphere and may be subject to
attenuation on the order of tens of dB/km [68]–[70].
3) Dedicated Short Range Communications (DSRC):
DSRC is a wireless communication standard that is designed
specifically for short and medium communication ranges.
It is used mainly for vehicular communications, i.e., V2V,
vehicle-to-infrastructure (V2I) and infrastructure-to-vehicle
(I2V) communications. DSRC systems exploit microwaves in
the ranges of 5.805-5.815 GHz and 5.795-5.805 GHz [71].
The first version of it has been proposed in 1999 [72]. In
2003, an improved version referred to as the American Society
for Testing and Materials (ASTM)-DSRC standard has been
proposed [72]. DSRC is not just for PHY and MAC layers,
it is, actually, a complete communication protocol. The list of
DSRC IEEE standards is [73], [74]:
• IEEE 802.11p-PHY Layer:
• IEEE P1609.1: Standard for Wireless Access in Vehicular
Environments (WAVE) - Resource Manager.
TABLE II. Utilized RF wireless technologies in hybrid RF/VLC systems.
RF Channel Model References
Wi-Fi (2.4 GHz/5 GHz) [18], [75]–[97]
WINNER II Channel Model
(2-6 GHz)
[98]–[106]
mmWave (60 GHz) [90], [107]–[110]
DSRC (5.9 GHz) [111]
TABLE III. Comparison of VLC and RF technologies that explains the main
motivating factors behind hybrid RF/VLC networks.
VLC RF
Range Low (Up to 100 m) High (Up to 1km)
Environment
dependency
Sensitive Moderate
Ambient light Sensitive Not affected
EMI No Yes
Band license Unlicensed Licensed/Unlicensed
Cost Low High
Size Small Large
Power consumption Low High
• IEEE P1609.2-Security Layer: Standard for Security Ser-
vices for Applications and Management Messages.
• IEEE P1609.3-Network and Transport Layers: Standard
for Networking Services.
• IEEE P1609.4-MAC Layer: Standard for Multi-Channel
Operation.
• IEEE P1609.11: Standard for WAVE– Over-the-Air Elec-
tronic Payment Data Exchange Protocol for Intelligent
Transportation Systems (ITS)
• IEEE P1609.12: Standard for WAVE - Identifier Alloca-
tions
Table II shows how different hybrid RF/VLC systems
studies employ different RF channel models based on the RF
system assumed in each study.
C. Comparison of RF and VLC Technologies
In this section, the comparison of RF and VLC technologies
(Table III [15], [17]) is presented.
As shown in Table III, VLC offers more flexibility in terms
of the angle of incidence and beam-width with the same
high accuracy percentage. In terms of physical size, the VLC
transceiver is expected to be much smaller as it only needs a
PD, which can be very small in size similar to the PDs used
in [112] and [113]. On the other hand, RF systems need to
have the transceiver module and the antenna which depends on
the frequency of operation. In addition, some limitations that
need to be considered in the future work are the channel model
estimation in real-time and the performance during different
light and environment scenarios. Due to the fact that light wave
has a higher frequency than RF wave used in RF systems, the
operation (distance) range in VLC will be smaller than that
in RF, as expected. However, VLC systems present immunity
to EM interference (EMI), make use of unlicensed bands and
present low power consumption (since VL is already used for
illumination) [15], [114].
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The motivating factors behind using VLC are summa-
rized as follows:
• RF spectrum scarcity problem:
The supporting band for the traditional RF communica-
tions is 300 K - 300 GHz. An application for wireless
spectrum resources requires in general a high license fee
and a long waiting period. With the rapid development
of wireless communications services, the global wireless
spectrum resources are in short supply. VL presents
a huge bandwidth of 400-790 THz. Thus, the visible
spectrum range is 10,000 times larger than that of the
entire RF wireless spectrum. Furthermore, no license is
required for VLC [115].
• Reduced capacity of RF-based systems:
VLC technology assumes higher communication band-
widths by using higher frequency light waves to carry
information. At the same time, due to the good direction-
ality of the VL beam and weak diffraction, VLC can make
use of diversity and multiplexing techniques to greatly
expand the capacity of the communication system [116].
• Minimum EM interference:
VLC generates almost no EM radiation in space, which
provides a good wireless communication solution for
environments with EM interference sensitive devices or
where radio silence is required [114].
• Signal secrecy:
Due to the long wavelength and antenna architecture, RF
communication presents weak directionality and can be
easily tracked by non-target receivers. In VLC, since the
light wavelength is short, light is subject to directionality
and attenuation effects and can’t penetrate walls when
it propagates in space. Thus, light can only be received
in a specific area and the confidentiality of transmitted
information is ensured [117].
• Energy efficiency:
Compared to traditional light sources, LEDs present
higher electro-optic conversion efficiency. If LEDs can be
used to provide communication services while lighting,
they will definitely save a lot of energy. Therefore,
the concept of integrated lighting communication has
also been proposed [118]. Furthermore, compared to RF
femtocell networks, VLC systems could achieve a very
large area spectral efficiency gain [119].
• Health safety:
Compared with infrared radiation (IR) communications,
an improper application of IR can cause damage to the
human body due to the high temperature since IR is a
kind of heat radiation. For example, strong IR rays can
cause skin burns or damage the retina of the fundus.
Under normal lighting conditions, the use of VLC does
not pose any safety problems for the human body [13].
• Pervasive infrastructure (LEDs):
Due to the gradual widespread adoption of LEDs as
the fourth generation of lighting technology, lighting
facilities represent a natural platform for VLC. Only
communication modules need to be added to the existing
lighting facilities to implement the VLC function, so
the installation cost is very low [120]. Moreover, the
current drives and controls the luminous intensity of
LEDs, common VLC systems use the IM/DD scheme.
When using LEDs for VLC, the interconnection of VL
networks can be achieved through existing power line
infrastructure [121]. Therefore, VLC is compatible with
the smart power grid.
• Coherence time:
Since VLC is subject to significantly less multipath
effects, the coherence time of the VLC channels is at least
an order of magnitude larger than that of the RF channels.
Thus, VLC requires less frequent channel estimation, a
feature which is especially important for situations that
require continuous and stable linking. In addition, higher
coherence time means that VLC is a good fault-tolerant
technology [114].
The key limiting factors of using VLC are summarized as
follows:
• Uplink hardware issues:
Uplink communication for VLC represents a challenge
as it requires updating the user’s hardware. The signal
emitted from the LED to the photodiode on the mobile
phone only solves the downlink communication problem,
and the mobile phone needs to send a signal back to
ensure the communication link is unblocked, but the
design of the reverse communication link is difficult
[122].
• Interference and noise from other light sources and
inter-cell interference:
Other unmodulated artificial light sources and natural
light sources sometimes work in the same spectral band
with the VLC systems. If the ambient light source is
strong enough, it will increase the intensity of the shot
noise or saturate the receiving end and the VLC systems
can not function properly [114].
• Communication and lighting integration:
As a communication and lighting integration technology,
indoor VLC must balance the dual user requirements of
lighting and communication. The transmission of infor-
mation in VLC relies on changing the luminous intensity,
and flickering may occur during communication, which
is not allowed in daily lighting and can seriously affect
the user’s lighting experience. VLC needs to meet the
corresponding lighting requirements in both lightings on
and lighting off modes [123].
• Terminal (user) mobility and handover overhead:
If the receiver or transmitter is mobile, the received
power on the detector array will fluctuate. The channel
matrix will have to be updated over time. Soft handover
mechanisms are especially important to extract these
fluctuations and maintain a more stable connection when
the light detection is handed over from one photo-detector
to another [124].
• Signal coverage (the high attenuation rate of the
signal):
In VLC, cell sizes are considerably smaller due to the
high directivity of light and smaller transmission dis-
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tances, thus the signal coverage area is limited. If the
beam angle of the transmitter is increased, the detected
signal intensity will be relatively reduced [125].
• Shadowing, due to losing the LOS link:
As VL cannot penetrate obstacles, indoor VLC is built
for the LOS link. Thus, the transmission is influenced
by the blocking objects due to the random movement of
people in a room. However, clear LOS is expected for
the receivers of lighting systems at most time [126].
• VLC network access to Internet:
The indoor VLC system must be connected to the base
station to achieve the communication objective. The most
practical problem is how to construct a VL wireless
access network consisting of dozens or even hundreds
of VL APs that are distributed over the ceiling since it
is difficult to install new communication cables between
different fixed networks and LED lights or among the
LED lights [96].
III. HYBRID SYSTEMS
This section discusses the hybrid RF/VLC studies in more
detail. It is divided into the following subsections: hybrid
networks typologies, hybrid RF/VLC environments, optimiza-
tion and smart technologies, performance analyses, hybrid
network simulation and system implementation, and current
applications of hybrid systems. Fig. 5 presents an overview of
the main studies and it enables the readers to navigate easier
through the topic of interest.
A. Hybrid Networks Topologies
The following three types of hybrid RF/VLC networks
topologies were proposed in literature4:
1) Dual-Hop Hybrid RF/VLC System: In this type of hybrid
system, the user access link is either VLC or RF. The network
model where the user access link is RF can be observed in
Fig. 6.
The first component of the system is the communication
between the VLC source (base station) and relaying nodes.
The communication is carried out using VLC (LOS-link) in
both uplink and downlink. Due to the fixed positions of the
relay nodes and base-station, it is believed the maximum data
rate can be achieved using the LOS VLC system.
The second component is the communication between the
end-user and (plug-and-play) relay node (AP). The commu-
nication is accomplished using a low power directional RF
system by dividing the area into cells using a concept similar
to that of mobile base stations. Dividing large areas into
small cells will provide the advantage of serving multiple
users and saving power, simultaneously. Furthermore, RF
communication schemes such as handover, multi-relaying, and
beamforming (via directional antennas) can be applied to this
system, if needed.
In [127], the secrecy performance of a hybrid RF/VLC
system was investigated assuming that the relay node extracts
4While ”Heterogeneous” is commonly used for parallel hybrid RF/VLC
networks, some references used it for dual-hop hybrid RF/VLC.
the direct current component and collects energy from the
optical signal and then uses the collected energy for retrans-
mitting data. Exact and asymptotic expressions for secure
outage probability and average secrecy capacity considering
the effect of system parameters were also derived. In [128], the
secrecy capacity of DF-based hybrid RF/VLC was compared
with standalone RF and VLC systems and it was showed that
the hybrid had better performance. This paper also analyzed
the framework of non-adaptive power allocation where both
the source and relay present the same amount of power and
the case of cooperative power-saving where the total average
power is shared between source and relay in a way that
minimizes the total power while satisfying the required secrecy
capacity. In [129], the effect of positions’ randomness of both
relay and destination on outage probability of cooperative
hybrid RF/VLC wireless sensor networks was investigated.
Decode & forward (DF) and amplify & forward (AF) relay-
ing schemes were analyzed and approximate expressions for
outage probability were derived. In [130], outage and BER
performances of AF relay-assisted hybrid RF/VLC systems
were investigated. Closed-form expressions for the outage
probability were derived using probability density function
(PDF) and moment generating function (MGF) approaches
and by considering the effect of emission angle. The effect
of timing errors on BER performance was also considered. In
[131], taking into account the randomness of relay’s and des-
tination’s locations, the outage and symbol error probabilities
of a hybrid RF/VLC assuming DF and AF relaying schemes
were derived.
In [132], a new multi-user hybrid RF/VLC was proposed.
In this system, users are divided into pairs. The near user
receives from source via VLC and forwards the information to
its paired user through RF transmission. In [133], a learning
algorithm-knowledge transfer context-aware hybrid RF/VLC
system that takes into account the traffic type, location, and
time was proposed. The presented simulation results illustrated
that the proposed system could significantly improve the
convergence speed and performance of reinforcement learning-
based network algorithms. In [134], the secrecy performance
of relay-jammer selection beamforming hybrid RF/VLC was
investigated assuming the absence of a direct link between
source and destination. The considered system presents multi-
ple DF relays and the relay node is selected by minimizing the
outage probability. The jamming node is then selected from
the available relaying nodes based on the received signal-to-
noise ratio (SNR) at the eavesdropper location. Furthermore,
beamforming vectors for both RF and VLC subsystems were
designed and exploited in minimizing the consumed power.
In [135], the outage performance of the IoT hybrid RF/VLC
system was investigated considering the randomness of the
positions of devices. VLC was considered for the downlink
from the source lamp to the IoT devices while RF with the
NOMA scheme for the uplink. All IoT devices are equipped
with PD for two purposes: data communication and energy
harvesting from the light emitted by the source LED lamp.
These devices are then using the harvested energy to transmit
data to the RF receiver. Approximate expressions for the
outage probability were also derived. In [136], a medical
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Fig. 6. Hybrid RF/VLC Dual-hop systems.
health care AF relaying RF/VLC system was proposed. In the
proposed system, the RF link is for the outdoor link whereas
the VLC is for the indoor link. The outage probability was
also investigated assuming generalized K-fading in RF link.
2) Opportunistic Separate Networks (RF/VLC): Two sep-
arate VLC and RF networks with the user deciding on the
better system to be used. This network model is presented
in Fig. 7. In this network, the users are free to choose the
best network depending on several parameters like SNR of
the system, application requirements, mobility of the user, etc.
This type of network is hard to control and optimize. Some
of the studies adopted this model because of its low network
overhead and its flexibility to the users. However, it is hard to
control the users when there is a high number of users in the
same place competing for the same resource without a control
unit dividing the resources. Therefore, as the number of users
increases, it is hard to adopt this model.
The coverage and rate analysis of opportunistic cellular
RF/VLC and other network configurations were investigated
and compared in [98]. Based on approximations of the com-
plementary error function (erfc) and cumulative distribution
function (CDF) of a Gamma random variable, an approximate
expression for coverage was derived. It was shown that the
opportunistic selection based on the maximum received signal
power is more suitable for scenarios where the interference
effects are not dominant. On the other hand, the opportunistic
scheme deteriorates the performance for higher interference
scenarios, due to wrongfully connecting to RF networks with
higher interference instead of VLC networks. Hybrid cellu-
lar RF/VLC has also been considered in [137]. This paper
presented both theory and implementation demonstrating the
feasibility of heterogeneous RF/VLC network for IoT. Par-
ticularly, a hybrid cellular architecture that allows internet-
operability between different technologies was proposed. They
further discussed different applications such as localization,
long-range communication, and monitoring.
In [138], a hybrid RF/VLC system was investigated with one
RF AP and multiple VLC APs assuming that all APs perform
NOMA. Considering the fact that grouping users in the NOMA
system is challenging, this reference addressed the grouping of
users using the coalitional game theory. In particular, a merge-
and-split algorithm that determines the optimal user grouping
is presented. A comparison of the proposed system with the
conventional opportunistic scheme points out the effectiveness
Fig. 7. Hybrid RF/VLC systems: Opportunistic separate networks.
Fig. 8. Hybrid RF/VLC systems: Heterogeneous networks with centralized
unit.
and robustness of the proposed scheme.
3) Heterogeneous Networks (HetNet) with Centralized
Unit: As shown in Fig. 8, the heterogeneous system consists
of RF and VLC networks with a central control unit. Based on
the network conditions, the central unit assigns the resources
to the user, and sometimes having the location of the user
helps the network to optimize the resources and interference
better. This type of network presents high network overhead
data but it makes sure that all users are getting equal treatment
(network fairness). Therefore, this network is needed when a
high number of users are present in a small area network.
In [139], the optimal resource-allocation of mobile terminals
in a heterogeneous wireless network under diverse QoS was
considered. A decentralized algorithm was proposed to address
the resource allocation problem. In [140], a heterogeneous
cellular network that combines RF and VLC to maximize the
energy efficiency of the entire communication system under
QoS requirements was considered. The optimization problem
is not convex and it is addressed using successive convex
approximations. In [91], a heterogeneous hybrid RF/VLC
system where users can estimate their position based on
the information broadcasted by VLC lamps was investigated.
Based on the locations of users, the Wi-Fi unit allocates
the resources of VLC enabled lamps. In [136], a medical
health care AF relaying RF/VLC system was proposed. In
the proposed system, the RF is assumed for the outdoor link
whereas the VLC is considered for the indoor link.
Depending on system link-level topology of the system,
the number of users and complexity of the system needed,
different authors chose the network model that fits their study
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TABLE IV. Hybrid RF/VLC studies: Network topologies.
Network topology References
Dual-hop [84], [127], [129]–[131], [136], [141]–[143]
Opportunistic separate
[18], [76]–[79], [83], [91], [97], [98],
[100], [104], [105], [132], [140], [144]–
[155]
HetNet with centralized
unit
[80]–[82], [85], [89], [90], [93]–[95],
[99], [101]–[103], [107], [109], [128],
[133], [134], [139], [156]–[169]
TABLE V. Hybrid RF/VLC studies: Objective optimization problems.
Single-objective optimization problem
References Objective
[76]
Minimizing the power consumption subject to satisfying
the users requests and maintaining the acceptable illumi-
nation level.
[140] Maximize energy efficiency of the entire communicationsystem under QoS requirements.
[133] Selecting the network that provides the best long termaverage performance.
[158] Maximizing energy efficiency of a network by new deepPDS-ERT learning algorithm.
[157]
Enhancing the energy harvesting of the overall network
that consist of one multi-antenna RF AP, multiple optical
transmitters, and multiple terminal devices.
[170] Minimizing the area power consumption (APC) under anoutage probability constraint.
[75] Maximizing the throughput under proportional fairnessconstraints.
[171] Allocation of available APs with the objective of increas-ing the overall throughput.
Multi-objective optimization problem
References Objective
[159] Outage reduction and system capacity improvement.
[77] Reducing communications power consumption and min-imizing the queue lengths.
as shown in Table IV.
In terms of the utilization of the system resources, there are
two categories that can describe a hybrid RF/VLC system:
• Aggregated Technology:
Where users employ both VLC and RF technologies at
the same time to improve their data rate and reliability
of the connection.
• Non-Aggregated Technology:
Where users employ only one of the two technologies
to optimize the network conditions and manage the
interference present in the network.
B. Resource Allocation
Different hybrid RF/VLC optimization problems spanning
different topics such as resource allocation, transmit power
minimization, load balancing and handover have been con-
sidered in the literature and are summarized in Table V.
These optimization problems can be divided generally into
two categories:
1) Single-Objective Optimization (SOO): SOO is an op-
timization problem with a single objective function. As an
example of SOO, reference [76] considers an energy-efficient
hybrid RF/VLC system for wireless access networks for joint
lighting and communications. The optimization problem is
to minimize the power consumption subject to satisfying the
users requests and maintaining an acceptable illumination
level. Reference [140] investigates a heterogeneous cellular
network that combines RF and VLC in order to maximize
the energy efficiency of the whole communication system
under QoS requirements. In [158], a heterogeneous RF/VLC
for wireless industrial networks is developed that can support
different QoS requirements such as high reliability, low latency
and high data rates of IoT and industrial networks IoT (IIoT)
devices. They have proposed a new deep post-decision state-
based experience replay and transfer (PDS-ERT) learning
algorithm in order to maximize the network energy efficiency.
On the other hand, in [157] a collaborative RF with lightwave
resource allocation scheme was proposed for enhancing the
energy harvesting of the overall network which consists of
one multi-antenna RF AP, multiple optical transmitters, and
multiple terminal devices. Under an outage probability con-
straint, minimizing the area power consumption (APC) by
optimizing the RF and VLC (Base stations) BSs intensities
in [170]. Utilizing the knowledge of location information of
user terminals, a location information-aided load balancing
(LB) design for the hybrid RF/VLC networks was proposed in
[75] to maximize the throughput under proportional fairness
constraints. In [171], a hybrid RF/VLC network that consists
of more than one RF and VLC APs has been considered.
Therefore, they have increased the degree of freedom for
selecting the AP that the node should be connected to. Thus, an
optimization problem for the allocation of these APs with the
objective of increasing the overall throughput was proposed.
2) Multi-Objective Optimization (MOO): MOO is an op-
timization problem that considers more than one objective
function simultaneously or sequentially (i.e., adopts multiple
objective functions). Reference [159] investigates a multi-
objective optimization problem for selecting either RF or VLC
at each device-to-device pair in a multi-user communication
network. The proposed solution consists of a two-phase al-
gorithm in which the change from RF to VLC depends on
the interference caused to other devices and the interference
received from other device-to-device pairs. The first phase of
the algorithm is for outage probability reduction while the
second phase is for system capacity improvement. It is shown
that the performance of the proposed algorithm is close to
the exhaustive search algorithm that minimizes outage and
maximizes capacity but presents less computational complex-
ity. Reference [77] investigates the optimization of network
resources in hybrid RF/VLC networks to reduce energy con-
sumption for the communication task while minimizing the
queue lengths.
In optimizing hybrid RF/VLC communication systems, an
important problem is establishing the constraint conditions.
Since the hybrid communication systems include both RF
and VLC transceivers, the constraints are divided into two
categories: lighting and coupling constraints, respectively.
• Lighting Constraints:
Since VLC needs to maintain illumination and commu-
nication requirements simultaneously, several constraints
should be considered. Due to the requirement of in-
tensity modulation in VLC, the transmit signal has to
satisfy the non-negative constraint [172]. In order to
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avoid excessive nonlinear distortions, it is sufficient to
consider the peak optical power or a peak-to-average-
power ratio (PAPR), which in general are constrained to
guarantee that the LED is working in the linear region
[173]. The transmission of information in VLC relies
on changing the luminous intensity. However, flickering
may occur during communication, a condition that is
not allowed in daily lighting and can seriously affect
the user’s lighting experience. For illumination purposes,
dimming constraints are desirable features to consider
[174]. For multi-color VLC, it is necessary to ensure
that the illumination meets the white light constraint.
Using MacAdam ellipse as a statistical measuring tool,
the small chromaticity difference between two colors in
the same luminance color map can be described. Due
to the limitation of human eyes in color recognition,
when two colors are on the same MacAdam ellipse,
ordinary human observers cannot distinguish between the
two colors [173].
• Coupling Constraints:
In the dual-hop RF/VLC systems, the RF and VLC sys-
tems work in serial, the data rate of the mobile terminals
are constrained by the system where the transmission
speed is slower [86]. In heterogeneous RF/VLC systems,
the RF and VLC systems work in parallel such that the
mobile terminals aggregate the data from both networks.
Hence, the data rate at the mobile terminals is constrained
by the total data rate of the RF and VLC systems [104].
The optimization problem is constrained by the power
budget for these two serial/parallel communication links
such that Pt-VLC + Pt-RF ≤ Pt, where Pt is the maximum
allowable total power [105]. In [175], the channel corre-
lation in VLC over broad spectra is analyzed. However,
for hybrid RF/VLC systems, the coupling constraints of
the RF and VLC channels have not been investigated yet
and it represents an important problem for future studies.
C. Performance Analyses
Most of the existing studies have conducted different per-
formance analyses. In Table VI, the studies discussing the
same investigations are grouped to enable researchers an easy
comparison. Moreover, a list of the main studies carried out
is presented next.
• User throughput (achievable data rate) of RF/VLC
networks:
The average achievable data rate is a critical performance
metric in any wireless network used to estimate the
average user throughput in the network given a certain
bandwidth. The average data rate of a user (Ri) can be
expressed as follows:
Ri = E[B log2(1 + γi(t))], (3)
where E[.] is the expected value operator with respect
to time domain, γi(t) is the signal to interference and
noise ratio which changes over time (t) depending on the
user location and technology used (VLC or RF) since
TABLE VI. Hybrid RF/VLC studies: Performance analyses.
Analysis References
Achievable data-rate [84], [104], [105], [109], [176],[177]
Average transmission delay [77], [78], [87], [88], [139], [144],[144], [153], [158], [163]
Packet loss probability and BER [88], [130], [131], [142]
Network coverage and outage
probability
[18], [75], [78]–[82], [85], [90],
[92], [95], [98], [108], [129], [132],
[135], [141], [144], [145], [152],
[159], [161], [164], [167], [178]–
[180]
Network fairness [82], [94], [107], [109], [110],[139], [156], [162], [167], [169]
Handover overhead [83], [93], [153], [163], [164],[167], [168], [178]
Energy and power efficiency
[76], [77], [99]–[104], [128], [134],
[140], [143], [145], [158], [170],
[171], [181]–[183]
Area spectral efficiency [94], [106]
Secrecy outage probability and se-
crecy rate
[127], [128], [134], [143], [146],
[147], [184]–[186]
each technology has different channel model and B is
the user assigned bandwidth.
In [90] and [81], an efficient AP selection scheme for
hybrid RF/VLC networks is proposed. Based on the dif-
ferent channel characteristics, a tailor-made AP selection
method for the hybrid network is formulated as a two-
stage algorithm, which first determines the users that need
service from Wi-Fi and then performs AP selection for
the remaining users. The simulation results show that the
proposed method achieves a near-optimal throughput.
Reference [79] proposed an indoor VLC-Wi-Fi hybrid
network experimental platform that integrates multiple
links with multiple access, hybrid network protocol, user
mobility management mechanisms, and cell handover.
The proposed hybrid VLC-Wi-Fi network exhibits better
coverage and greater network capacity. In [95], a dynamic
load balancing scheme that considers handover overhead
in a hybrid RF/VLC network is proposed. The throughput
performance is analyzed across the service areas and the
effects of the handover overhead on handover locations
and user throughput are discussed.
• Average transmission delay (end-to-end delay):
Average transmission delay is the average time needed to
send a packet from source (transmitter) to the receiver in
the network. This average time includes all the multi-hop
retransmission time (T itr) (time needed by middle nodes
to process and retransmit the data), error retransmission
time (Terr) (time needed when a new data packet is
retransmitted due to an error). Moreover, this parameter
includes the time delay added due to the handover process
(THO). The average transmission delay (Tavg) can be
expressed as follows:
Tavg = E
[
N∑
i=1
(T itr(t)) + Terr(t)Perr + THO(t)PHO
]
,
(4)
where PHO, Perr is the probability that a handover
process is needed and a transmission error occurred,
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respectively and N is the maximum number of hops
(middle nodes) in the system.
In [86] and [88], the relay between the two hops in a
dual-hop RF/VLC transmission system is used to energy
harvest from different artificial light sources and sunlight.
The total time to transmit one data packet from the source
to the receiver must satisfy a strict delay constraint.
The statistical model for the harvested energy at the
relay is further proposed to analyze the packet loss
probability. In [87], [96], the delay analysis of unsat-
urated heterogeneous omni-directional/directional small
cell hybrid RF/VLC wireless networks was investigated.
In the first case, the minimum average system delay of
the aggregated scenario is always lower than that of the
non-aggregated scenario. In the second case, the hetero-
geneous contention-based omnidirectional small cells -
directional small cell (CBOSC-DSC) network is stud-
ied. Extensive simulation results illustrate that the non-
aggregated scenario outperforms the aggregated scenario
due to the overhead caused by contention. In [187], the
handover delay which would occur when the transmitter
moves from one link to the other was investigated. In
addition, the non-asymptotic bounds on data buffering
delay were derived as well.
• Packet loss probability and bit error rate (BER):
BER is a ratio of the number of bit errors to the number
of bits sent during a certain time interval. Since BER
is a ratio of two numbers, it is a unitless parameter
and sometimes expressed as a percentage. Moreover,
packet loss probability can be expressed in terms of BER
for a packet size of L bits packet error rate (PER) is
BER × L. Finally, the error rate depends heavily on
channel conditions, signal-to-interference-plus-noise ratio
(SINR), error coding rate, and modulation type.
In [88], the packet loss probability is analyzed using a
statistical model for the harvested electrical power and
the time dedicated for excess energy harvesting. The data
packet retransmission rate presents an optimal value that
minimizes the packet loss probability, is independent of
the RF channel path loss, and is inversely dependent
on the packet size. In [130], outage and BER perfor-
mances of AF relay-assisted hybrid RF/VLC system
have been investigated. Closed-form expressions for the
outage probability are derived by considering the effect
of emission angle. The effect of timing errors on BER
performance has also been considered. In [131], consid-
ering the randomness of both relay’s and destination’s
locations, the outage and symbol error probabilities of
hybrid RF/VLC with DF and AF relaying schemes have
been studied.
• Network coverage and outage probability:
The signal coverage probability (Pc) for an average user
is defined as the probability that the users’ instantaneous
SINR (γo) is higher than a target SINR threshold (γth)
given as:
Pc = P[γo > γth]. (5)
Usually, RF networks have better coverage than VLC
networks due to the difference in the wave propagation
in both technologies. On the other hand, the outage
probability (Pout) is the probability that the users’ data
rate is less than a threshold minimum data rate which is
effectively the inverse of Pc.
In [129], the effect of positions’ randomness of both
relay and destination nodes on the outage probability
of cooperative hybrid RF/VLC wireless sensor networks
was investigated. Both DF and AF relaying schemes
were considered and approximate expressions for outage
probability were proposed and verified via Monte Carlo
simulations. In [135], the outage performance of an IoT
hybrid RF/VLC system was investigated by considering
the randomness of the positions of devices. VLC was
considered for the downlink from the source lamp to the
IoT devices and RF with NOMA scheme for the uplink.
All IoT devices are equipped with PD for two purposes:
data communication and energy harvesting from the light
emitted by the source LED lamp. These devices are
then using the harvested energy to transmit data to the
RF receiver. Approximate expressions for the outage
probability were also derived and validated via Monte-
Carlo simulations.
In [89], a hybrid RF/VLC based indoor wireless access
network structure is proposed. In this paper, the relation-
ship between the wireless signal quality and the distance
in a typical family or small business indoor layout is
analyzed to develop the handover scheme. Reference
[92] assessed the throughput across various horizontal
distances within the coverage of the VLC source and
the results showed that the aggregating systems can
achieve higher throughput. In [98], a unified framework
is presented for the coverage and rate analysis of coex-
isting cellular RF/VLC networks under different network
configurations.
• Network fairness and users’ satisfaction:
CDF of users’ satisfaction for various numbers of users is
calculated and used to measure the fairness of the network
among the users. Fairness parameter is used to determine
if users are equally utilizing the network resources. There
are multiple ways to measure the network fairness, one
of the most famous metrics is Jain’s fairness index (F )
which is calculated as follows [107]:
F =
(
∑NAP
i=1 Ri)
2
(NAP )
∑NAP
i=1 (Ri)
2
, (6)
where NAP is the number of APs connections for each
AP in the network, Ri is the achievable data rate of the
AP in a certain connection.
In [107], a new iterative joint power allocation and load
balancing algorithm in a hybrid RF/VLC network for data
rate maximization and system fairness improvement has
been proposed. An iterative algorithm distributes users
to APs and the powers of the APs to their users. In
[139], optimal resource-allocation of mobile terminals
in a heterogeneous wireless network under diverse QoS
requirements has been considered. Decentralized algo-
rithms were proposed for the resource-allocation prob-
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lem. In [156], [162], a NOMA hybrid RF/VLC with
multiple VLC APs and one RF AP system has been
investigated. In the proposed system both VLC and RF
perform NOMA, and coalitional game theory is adopted
for grouping the users. In [94], the average throughput of
users for different FOV and LOS blocking probabilities is
analyzed first, and then the fairness from the perspective
of systems and individual users is investigated to charac-
terize the QoS experienced by users under different cell
formation scenarios.
• Handover overhead:
Handover overhead is the control data sent over the
network to coordinate the handover process between the
control unit and users. This control signal is important
to ensure that handover between RF and VLC APs is as
smooth and fast as possible but it decreases the network
efficiency and users’ data rates. Therefore, it is critical to
minimize the control data overhead. Handover overhead
(LHO) can be calculated as follows:
LHO =
Roverhead
Rdata
, (7)
where Roverhead is the average data rate in network for
control signal and handover, and Rdata is the average
data rate for the users’ actual data.
In [163], on-off based vertical handover for a hybrid
RF/VLC system that decreases delay and hence decreases
the quality of experience penalty has been proposed. The
proposed vertical handover is compared with I-VHO and
D-VHO schemes. The simulation results reveal that the
proposed scheme presents around 87.6% drop in average
handover delay cost and outperforms both I-VHO and D-
VHO. In [168], a new vertical handover algorithm for a
hybrid RF/VLC system is presented. Different network
parameters such as average interruption duration and
bit rate to assess the abilities of the proposed vertical
handover algorithm to handle signal blockage/overload
are considered.
In [178], a hybrid network model of VLC and OFDMA
is proposed for VLC hotspots. Furthermore, a novel
protocol is proposed combined with access, horizontal,
and vertical handover mechanisms for the mobile terminal
(MT) to resolve user mobility among different hotspots
and OFDMA systems.
• Energy and power efficiency:
A lot of research in the wireless communication do-
main has studied techniques to reduce and minimize the
networks’ power consumption. However, it is important
to relate the network’s power consumption to average
data rate and network outage and capacity. Therefore,
calculating the power efficiency of the hybrid network
is critical to compare it to standalone RF and VLC
networks. Power efficiency (ηpower) is calculated as the
following [103]:
ηpower =
Pavg
Ravg
, (8)
where Pavg is the average power consumption of the
network, and Ravg is the average data rate of the users
in the network.
In [103], Energy efficiency was optimized in a hetero-
geneous RF/VLC network with multiple constraints on
the minimum data rate for users and maximum power
consumption per AP. It was shown how hybrid RF/VLC
networks are more power-efficient than standalone RF
networks. Moreover, the impact of multiple parameters
such as LOS availability, the number of LEDs and
the number of users in the network were taken into
account while optimizing the power consumption. In [77],
the network resource optimization problem for reducing
communications power consumption while minimizing
the queue lengths was investigated for hybrid RF/VLC
networks. In [76], an energy-efficient hybrid RF/VLC
system for wireless access networks was investigated.
The optimization problem is formulated by minimizing
the power consumption subject to satisfying the users
requests and maintaining an acceptable illumination level.
In [140], a heterogeneous cellular network that combines
RF and VLC to maximize the energy efficiency of the
entire communication system under QoS requirements
was considered.
• Area spectral efficiency (ASE):
Although VLC networks offer a larger free spectrum over
RF networks, VLC cells cover a smaller area than RF
cells. Therefore, to be fair, when comparing the perfor-
mance of hybrid networks with standalone RF and VLC
networks, measuring area spectral efficiency (ASE) is
needed. ASE (ηspectrum) measures the spectral efficiency
per network (cell) area and is calculated as follows:
ηspectrum =
Ravg
Acov
, (9)
where Ravg is the average data rate of the users in the
network and Acov is the area covered by the network with
a certain minimum data rate.
In [106], a scheme for cell association based on the
minimum distance to the closest AP is proposed, where
the ASE of a three-tier (macro-, femto- and optical
attocells) heterogeneous network is analyzed. It is shown
that the average ASE of the hybrid RF/VLC the system
can be increased by at least two orders of magnitude over
the stand-alone RF network.
• Secrecy outage probability (SOP) and achieved se-
crecy rate:
Secrecy is another important parameter that measures
how the network design protects users from eavesdrop-
ping from any intruder in the network. Usually, VLC net-
works offer better security performance than RF networks
because of the nature of the signal and the capability
of the RF signal to penetrate walls, unlike visible light.
Therefore, it is important to calculate the secrecy of
the network to be able to compare the performance
of the hybrid RF/VLC networks with standalone net-
works. Considering a typical Wyners three-node model,
there is a source (S) transmitting a secret message to
a destination (D), while an eavesdropper (E) is trying
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intercept the information sent from S to D. If a silent
(realistic) eavesdropping scenario is considered then S
does not have any channel state information for the link
between S and E. S will be sending with a constant
rate of confidential message (Rs). The secrecy outage
probability (SOP) is defined as the probability that the
secrecy capacity (Cs) is less then Rs [188]. Where
Cs = max{log2(1 + γD) − log2(1 + γE), 0}, where
γD and γE are the instantaneous SNRs at D and E,
respectively. Therefore, SOP (PSOP ) can be calculated
as follows [189]:
PSOP = P[log2(1 + γD)− log2(1 + γE) > Rs]. (10)
In [143], [184], the achievable secrecy capacity of DF-
based hybrid RF/VLC was investigated. This paper con-
siders two stages for achieving the required secrecy
capacity. In the first stage, the beamforming vectors for
RF and VLC subsystems that maximize the achievable
secrecy capacity are obtained. In the second stage, the
power minimization algorithm that satisfies the required
secrecy capacity is adopted. In [134], the secrecy per-
formance of relay-jammer selection /beamforming hybrid
RF/VLC has been investigated assuming the absence of
a direct link between source and destination. The con-
sidered system presents multiple DF relays and the relay
node is selected by minimizing the outage probability.
Jamming node is then selected from the available relaying
nodes based on the received SNR at the eavesdropper lo-
cation. Finally, the beamforming vectors for both RF and
VLC subsystems are derived and used in the formulation
of a power minimization task.
In [127], the secrecy performance of a hybrid RF/VLC
system has been investigated where the relay node ex-
tracts the DC component and collects energy from the
optical signal and then uses the collected energy for
retransmitting data. Exact and asymptotic expressions are
derived for secure outage probability and average secrecy
capacity considering the effect of system parameters. In
[128], the secrecy capacity of DF-based hybrid RF/VLC
has been compared with standalone RF and VLC systems
and showed that the hybrid system exhibits better perfor-
mance. The case of non-adaptive power allocation where
both source and relay have the same amount of power
and the case of cooperative power-saving where the total
average power is shared between source and relay in a
way that minimizes the total power while satisfying the
required secrecy capacity were investigated.
D. Hybrid Network Experimental Implementation
Multiple studies have addressed experimental implementa-
tion of hybrid systems such as [78], [79], [89], [92], [165],
[166], [190]. In [92], a proof of concept of coexistence of
VLC and Wi-Fi networks was implemented. Two network im-
plementations were proposed: the first uses the VLC channel
as downlink and the Wi-Fi channel as an uplink, while the
second aggregates Wi-Fi and VLC in parallel by using bonding
technique in Linux OS. It turns out that the hybrid system
improves the network throughput and decreases web page
loading time compared to normal Wi-Fi networks. In [79],
a hybrid network experiment platform was implemented. This
reference shows that a Wi-Fi/VLC hybrid network presents
better performance than standalone VLC and Wi-Fi networks
in terms of coverage and network capacity. In [190], possible
benefits of hybrid RF/VLC such as reliable improvements of
connectivity, throughput, coverage, and energy efficiency have
been discussed. In [165], [166], a hybrid RF/VLC network
that is capable of switching with high speed between VLC
and RF has been implemented. The proposed system was
validated by capturing video streams with low latency. In [78],
a practical simultaneous two-link system is presented. One of
the links is a duplex RF link and the other one is an asymmetric
duplex RF/VLC link. It turns out that the proposed system
outperforms a standalone RF system as well as an asymmetric
system. Studies of hybrid network simulation and system
implementation are summarized in Table VII. While most
of the studies used computer simulations, some other studies
proposed using the ns3 network simulator as a reference, as
discussed in [191].
E. Current Applications for Hybrid Systems
Hybrid RF/VLC can be classified based on the working
environments. Hybrid RF/VLC is more feasible for the indoor
environment due to the existence of both RF and VLC sub-
systems. Therefore, most research works focus on indoor envi-
ronments [187]. Hybrid RF/VLC can also be used in outdoor
environments. For example, in [193], a hybrid RF/VLC was
proposed for a vehicular communication system. A security
protocol (SP) for vehicular communication to ensure platoon
stability and maneuver under data packet injection, jamming,
channel overhearing, and maneuver attacks was proposed in
[193].
Hybrid systems were used by many studies for different
environments and applications which are summarized in Ta-
ble VIII.
Light energy-efficient systems represent an important appli-
cation. Many studies used proposed RF/VLC systems for VL
energy harvesting to improve the energy consumption of the
hybrid system [76], [77], [84], [86], [88], [99], [101], [103],
[107], [110], [140], [145], [147], [157], [170], [182], [185].
In [103], the energy efficiency of a heterogeneous network of
VLC and RF systems was investigated and numerical results
corroborate the improvement in energy consumption of the
proposed hybrid system. In [145], the authors proposed a novel
cooperative non-orthogonal division multiple access methods
that allows the hybrid RF/VLC network to simultaneously
transmit wireless information and power.
RF-sensitive indoor environments (e.g., hospitals) represent
a critical application for VLC systems since the use of RF
systems is limited due to the sensitivity of some RF-devices to
RF-interference. In [136], [148], [149], [152], authors focused
on using VLC network to decrease the usage of the RF
network. In [152], VLC was used to provide a downlink
connectivity in RF prone environment.
Improving user data rate and system capacity for the indoor
environment is an important functionality of hybrid RF/VLC
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TABLE VII. Hybrid RF/VLC studies: Simulation and system implementation.
Dual hop Hybrid RF/VLC Parallel Hybrid RF/VLC
References Objective References Objective
[79]
Performance comparison of Hybrid
RF/VLC system with standalone VLC and
Wi-Fi networks in terms of coverage and
network capacity.
[165], [166]
Implemented a hybrid RF/VLC communica-
tion system where VLC is considered as a
primary link. The system monitors the VLC
link and switches to RF if the VLC link
fails.
[190]
Based on the quality of first and second
links, the system decides on the combina-
tion out of four possible combinations.
[92]
Proposed and implemented two heteroge-
neous RF/VLC systems. As a benchmark,
first a duplex system is investigated with
VLC and RF links for down- and up-link,
respectively. The bonding technique is ap-
plied to use the VLC and RF links in par-
allel and compare it with the benchmarking
system in terms of robustness, throughput
and average system delay.
[78]
Two hybrid dual hop RF/VLC systems were
investigated:
1) Uplink and downlink data are trans-
ferred from the user through the
RF channel while the downlink data
is transferred via the VLC channel
from a relay to the user.
2) Two duplex links between the user
and the AP have been implemented.
[89]
Implemented four different combinations:
1) VLC and RF are used for both up-
and down-links, and RF is used if the
VLC link drops.
2) VLC is used for both up- and down-
links while RF is just for uplink. RF
is used for uplink if the VLC link
drops.
3) VLC is used for downlink and Wi-Fi
is used for both up- and down-links.
RF is used for downlink if the VLC
link drops.
4) VLC and RF are used, respec-
tively,for down- and up-links.
systems as shown in [75], [80], [81], [85], [90], [97], [98],
[108], [129], [130], [132], [141], [156], [161], [162], [181].
This is due to the different characteristics of VLC and RF
networks. Most of the studies optimize the resources of VLC
and RF networks to maximize the users’ data rate and average
system capacity in an indoor environment. The same approach
was used in [87], [88], [187] but to minimize the average
system delay.
Since high mobility indoor environments can be challenging
for standalone VLC networks, studies such as [18], [82],
[83], [91], [93], [95], [131], [133], [141], [164], [167], [168]
proposed using optimizing hybrid RF/VLC network handover
protocols to maximize the user connectivity and the overall
network throughput. In [167], authors introduced a mobility
aware load balancing scheme by leveraging the location sen-
sitivity feature of the VLC network to decrease the overhead
needed for handover and to increase the network throughput.
Taking advantage of the small coverage of VLC networks
and the low penetration features (high physical layer security
feature), studies such as [102], [127], [128], [134], [143],
[146], [147], [184] used a hybrid network of RF/VLC systems
to increase the PHY security of the network. In [102], the
average consumed power by the hybrid RF/VLC network was
minimized given a certain required secrecy rate via power
allocation and beamforming algorithms. Reference [128] com-
pared the secrecy capacity of DF-based hybrid RF/VLC with
standalone RF and VLC systems and showed that the hybrid
system yields better performance. The case of non-adaptive
power allocation where both source and relay present the same
amount of power and the case of cooperative power-saving
where the total average power is shared between source and
relay in a way that minimizes the total power while satisfying
the required secrecy capacity were both investigated.
Hybrid networks can be used to improve up-link for VLC
indoor systems, a fact that was discussed in [94], [96], [178].
One of the early studies to present the idea of using both
VLC and RF in the same network was [96]. An asymmetric
RF/VLC combination was presented where VLC is used for
downlink and RF is used for uplink to implement a full-duplex
communication system.
IoT and device-to-device (D2D) communication applica-
tions were addressed in [109], [135], [153], [158]–[160]. In
[109], authors introduced a new evolutionary game theory
(EGT) algorithm that allows the users to adapt their needs
to the hybrid RF and Li-Fi network.
Vehicular communications is a very promising application
for hybrid systems because of its dynamic and changing
features. In [111], the authors discussed the limitations of
vehicular VL-only networks and the possibilities of utilizing
them as a complementary technology with other RF wireless
standards to improve the performance of conventional vehic-
ular networks.
Since power lines can be an efficient way to connect the
VLC with the internet, integrating power-line communication
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TABLE VIII. Application or Environment used in the different Hybrid Studies.
Application or Environment need for Hybrid System References
Energy efficient system
[76], [77], [84], [86], [88], [99], [101],
[103], [107], [110], [140], [145], [147],
[157], [170], [182], [185]
RF sensitive indoor environment (hospitals) [136], [148], [149], [152]
Improving user data rate and capacity for indoor environment
[75], [80], [81], [85], [90], [97], [98],
[108], [129], [130], [132], [141], [156],
[161], [162], [169], [176], [177], [181]
Improving avg. system delay for indoor environment [87], [88], [139], [144], [163], [187]
High mobility environment [18], [82], [83], [91], [93], [95], [131],[133], [141], [164], [167], [168]
High secrecy physical-layer system [102], [127], [128], [134], [143], [146],[147], [184], [186]
Improving uplink for VLC indoor systems [94], [96], [178]
IoT applications (high number of users and high data rate) [109], [135], [153], [158]–[160]
Vehicular application [111], [179], [180], [183], [192]
Integrating PLC systems [100], [104], [105]
Demo testbeds (experimental implementation) [78], [79], [89], [92], [165], [166],[190]
(PLC) systems with hybrid VLC and RF networks was dis-
cussed in [100], [104], [105]. In [104], the impact of OFDM-
based PLC backhauling in a multi-user hybrid system was
discussed. Optimal power and subcarrier allocation algorithms
were utilized to maximize the users’ data rates. The hybrid
system performance was studied numerically as a function of
several parameters including PLC transmission power, RF and
VLC spectrum, and the number of mobile terminals and APs.
Finally, as seen in Table IX, most of the new studies focus
on implementing hybrid systems while old studies focus more
on performance analyses and simulations.
IV. RESEARCH DIRECTIONS AND FUTURE WORK
This section discusses the open research directions and
future work for the hybrid RF/VLC studies.
A. Current Research Directions
• Energy harvesting with dual-hop RF/VLC system
under delay and data rate constraints:
Multiple studies have provided simulation analysis of a
dual hop system consisting of VLC and RF links. While
the idea of harvesting energy as well as transferring
data between the user and APs is a new idea and it
appears to be a power-efficient solution. The drawbacks
of energy harvesting where delay is introduced have to
be minimized. Most of the studies have simulated the
system and optimized it in terms of a single constraint
like overall system delay, maximum user data rate, and
system secrecy. Further analysis should consider multiple
constraints and conduct more analysis for such systems.
Moreover, a good handover scheme needs to be adopted
to ensure system reliability. Finally, testing such system
in a real hardware prototype would also be a possible
future research direction.
• Resource allocations and AP selection in RF/VLC
networks:
Multiple studies have discussed the AP selection in
RF/VLC networks. Depending on whether the hybrid
network design has a central control unit or not, the
algorithm will vary. The main goal is to find an energy-
efficient algorithm that will ensure the fairness of the
network over the VLC and RF networks and maximize
the throughput of the users in the network. Many studies
can be conducted in the direction of utilizing machine
learning to solve this non-convex optimization problem.
Moreover, future work would be focusing on using the
most efficient and low-cost optimization algorithm to
ensure the best network throughput, and minimizing the
control overhead, delay, and power transmitted. In addi-
tion, resource allocations such as bandwidth allocations
and the number of APs would be critical network design
problems that would depend on the requirement of the
network, the availability of the resources, and mobility
of the users. The metrics used to compare different
algorithms are network fairness, user satisfaction, and
outage probability.
• Load balancing and handover between VLC and RF
networks:
It is evident from the current research that hybrid
RF/VLC networks provide better performance in terms
of bandwidth and user mobility. However, it is important
to maximize the benefits of both networks by applying
an efficient load balancing scheme and a fast handover
algorithm to ensure network reliability in all times and
locations. Researches are focusing on minimizing the
handover latency and increasing the network overall
throughput by using different techniques of load bal-
ancing schemes as mobility-aware and location-aware
handover algorithms. The future direction for this chal-
lenging issue in hybrid networks is having a dynamic
load balancing scheme that updates the network resources
whenever needed. Moreover, utilizing distributed users’
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TABLE IX. Hybrid RF/VLC studies (chronologically ordered).
Year References Comments (contributions)
2020 [153] Data-Driven Link Assignment With QoS Guarantee in Mobile RF-Optical HetNet of Things
2020 [154] Reinforcement Learning Approach for Hybrid WiFi-VLC Networks
2020 [179] Outage Analysis of Cognitive Electric Vehicular Networks over Mixed RF/VLC Channels
2020 [180] Performance of Hybrid Cognitive RF/VLC Systems in Vehicle-to-Vehicle Communications
2020 [192]
System Prototype Proposed for Vehicle Communications Based on VLC-RF Technologies
Adaptable on Infrastructure
2020 [183] Resource Management for Hybrid RF/VLC V2I Wireless Communication System
2020 [186]
PLS Analysis in an Indoor Heterogeneous VLC/RF Network Based on Known and Unknown
CSI
2020 [155] Load Balancing in Hybrid VLC and RF Networks Based on Blind Interference Alignment
2020 [169] Optimization of MAC Frame Slots and Power in Hybrid VLC/RF Networks
2020 [177] On Optimal Resource Allocation for Hybrid VLC/RF Networks With Common Backhaul
2020 [176] Realistic Indoor Hybrid WiFi and OFDMA-Based LiFi Networks
2020 [137] Hybrid RF/VLC network architecture for the internet of things
2019 [135] Hybrid VLC-RF indoor IoT systems with light energy harvesting
2019 [158]
Energy-efficient resource management by heterogeneous RF/VLC for ultra-reliable low-
latency industrial IoT networks
2019 [170]
Energy efficient optimization of base station intensities for hybrid RF/VLC networks to
lower outage probability
2019 [157]
Hybrid RF and VLC ultra cell networks collaborative resource allocation scheme for
information and power transfer system
2018,2019 [156], [162] Using coalitional game approach for user grouping in hybrid RF/VLC networks With NOMA
2019 [75] Location information-aided load balancing design for hybrid Li-Fi and Wi-Fi networks
2019 [142] Statistical analysis for a RF/VLC relaying system with radio access diversity
2019 [171] Optimization of slot allocation in hybrid RF/VLC networks for throughput maximization
2019 [141]
Integrated RF/Optical wireless networks for improving QoS in indoor and transportation
applications
2019 [128] Secrecy capacity of DF based hybrid RF/VLC relaying systems
2019 [134]
Joint beamforming design and power minimization for friendly jamming relaying hybrid
RF/VLC systems
2018, 2017 [159], [160]
Selection between RF and VLC bands for each device to device (D2D) pair in a multi user
scenario
2018 [99] Energy efficient subchannel and power allocation for the software defined Hetnet RF/VLC
2018 [98]
Coverage and rate analysis for RF/VLC downlink cellular networks for RF/VLC only,
opportunistic RF/VLC and hybrid RF/VLC
2018 [84] Achievable rate-region of RF/VLC communications with an energy harvesting relay
2018 [107]
Joint load balancing and power allocation for hybrid RF/VLC networks to improve system
capacity and fairness
2018 [131]
Outage and symbol error probabilities of a hybrid RF/VLC under both DF and AF relaying
schemes
2018 [133] Context-aware solution for indoor network selection
2018 [77] Dynamic network resource optimization in hybrid VLC and RF networks
2018 [132] Bipartite matching based user pairing scheme for a hybrid RF/VLC NOMA systems
continued on the next page
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TABLE IX. Hybrid RF/VLC studies (chronologically ordered).
continued from previous page
Year References Comments (Contributions)
2018 [143]
Beamforming design and secrecy capacity of hybrid RF/VLC DF relaying systems in the
presence of the eavesdropper nodes
2018 [144] Effective capacity of a hybrid RF/VLC system subject to QoS constrains
2018 [76] Energy efficient hybrid RF/VLC system for wireless access networks
2018 [78] Design and implementation of a hybrid Wi-Fi-VLC system
2018 [161] Bandwidth aggregation protocol for hybrid RF/VLC networks
2018 [130] Outage and BER performances of AF relay-assisted hybrid RF/VLC system
2018 [129]
Outage analysis of cooperative hybrid RF/VLC wireless sensor network (WSN) under DF
and AF relay schemes
2018 [127]
The secure outage probability and average secrecy capacity of a dual-hop RF/VLC
communication system
2018 [145] Outage performance of a cooperative NOMA based RF/VLC system
2018 [163] On-off based vertical handover for a hybrid RF/VLC system
2018 [140]
Coordinated beamforming design in a multiple input single output (MISO) downlink hybrid
RF/VLC networks
2017 [82] Optimization of load balancing in hybrid RF/Li-Fi Networks
2017 [80] Learning aided network association for hybrid indoor Li-Fi and Wi-Fi Systems
2017 [164] Joint optimization of loadbalancing and handover for hybrid Li-Fi and Wi-Fi networks
2017, 2016 [81], [90] AP selection for VLC and RF networks to improve the throughput of the network
2017 [100] Transmit power optimization for a hybrid power-line communication (PLC)/RF/VLC system
2017 [102]
Beamforming and power allocation for hbrid RF/VLC to improve the security of system
and optimize power consumption
2017 [85]
AP assignment in hybrid Li-Fi and Wi-Fi Networks by using users’ statistical information
of channel blockage
2017 [101] Power efficient downlink resource allocation for hybrid RF/VLC networks
2017 [146], [147] Secrecy outage analysis of hybrid RF/VLC system with light energy harvesting
2017 [136]
Outage analysis of AF relayed hybrid RF/VLC communication system for E-health appli-
cations
2017 [194]
New OFDM Design for hybrid RF/VLC baseband system consider both power and
bandwidth allocation
2017 [148], [149]
Modeling and outage analysis of hybrid RF/VLC system for real time health care applications
outage probability
2017 [79] Design and realization of indoor hybrid VLC-Wi-Fi network experiment platform
2017 [181] Hard and soft switching for indoor hybrid RF/VLC systems
2017 [135]
Outage probability analysis on 3-D hybrid RF/VLC Systems with light energy harvesting
and orthogonal multiple access over RF links
2017 [165], [166]
A hybrid RF/VL Network that is capable of switching with high speed between VLC and
RF
2016 [103] Energy efficient resource allocation for RF/VLC network
2016 [86], [88] Optimizing energy harvesting and data rate under delay constraint
2016 [111]
VLC as a complementary technology for the DSRC for connected vehicles (Future of
heterogeneous vehicular network)
2016 [167]
Mobility aware load balancing in LTE/VLC networks to improve system throughput and
handover overhead
continued on the next page
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TABLE IX. Hybrid RF/VLC studies (chronologically ordered).
continued from previous page
Year References Comments (Contributions)
2016 [87]
Delay analysis of RF/VLC coexistence wireless networks for aggregated and non-aggregated
scenarios
2016 [83] VLCs heterogeneous network (VLC-HetNet): new model and protocols for mobile scenario
2016 [195]
Software defined network enabled to Li-Fi/Wi-Fi medium access technologies integration
framework
2016 [89] VLC and Wi-Fi indoor wireless access network and its handover strategy
2016, 2015 [104], [105]
Achievable rate of a hybrid PLC/RF/VLC (PLC backhauling multi-user hybrid RF/VLC
systems)
2015 [94]
Cooperative load balancing in hybrid VLC and Wi-Fi to improve high area spectral efficiency
and optimize system throughput
2015 [95]
Dynamic load balancing with handover in hybrid Li-Fi and Wi-Fi networks taking into
account user mobility and handover signaling overhead
2015 [139]
Resource allocation under delay-guarantee constraints for heterogeneous visible-Light and
RF femtocell
2015 [92] Design and analysis of a VLC enhanced Wi-Fi system with and without aggregation
2015 [108] Improving user data rate by optimizing the RF system resources
2015 [150] Practical integration of VLC in 5G networks
2015 [93]
Efficient vertical handover scheme for RF/VLC systems using a Markov decision process
to obtain a trade-off between switching cost and delay requirement
2015 [109]
Distributed load balancing for IoT by using Li-Fi and RF hybrid networks based on
evolutionary game theory (EGT)
2015 [168] A new vertical handover algorithm to handle signal blockage or overload
2015 [151] Network typologies for Mixed RF/VLC HetNets
2015 [91] Wireless access for a heterogeneous Wi-Fi and VLC systems
2014 [96] Indoor hybrid Wi-Fi-VLC implementation
2014 [178] Capacity analysis in hybrid network of VLC and OFDMA system
2014 [106] Hybrid VLC and RF communication system to optimize the area spectral efficiency
2014 [18]
Cooperative data download indoor hybrid wireless local area networks (WLAN)-VLC
hotspot coverage
2014 [152] Hybrid RF/VLC downlink performance in RF sensitive indoor environments
2014 [190] An ideal system to begin RF/VLC hybrid experiments
2011 [97] Hybrid RF and VLC system for broadcasting
shared information is another solution to decrease control
overhead and power transmitted by the users. Finally,
different solutions could be compared with respect to user
maximum data rate, control overhead, network fairness,
and outage probability.
• Physical layer security of RF/VLC networks:
Secrecy is a growing network aspect and issue that is
considered by multiple applications and users. Multiple
studies have focused on increasing the security of the
network and measuring the probability of the network’s
sustainability to eavesdropping. Since VLC networks are
superior to RF networks in this particular aspect, the
effect of using hybrid RF/VLC networks is studied and
simulated by multiple researchers. Because the location
of the eavesdropper is an important parameter that affects
the secrecy of the network, more analysis would be
needed to ensure that the network power consumption is
minimized while ensuring a certain level of secrecy for
the networks in different scenarios and network topolo-
gies.
• Design and implementation of practical hybrid
RF/VLC network (testbeds):
The most important step of proposing a new algorithm
is to test it on real hardware. Therefore, designing and
implementing testbeds for hybrid RF/VLC networks is
critical for the development of any valid comparison
between proposed handover and resource allocation al-
gorithms. Moreover, these practical implementations will
vary in cost and number of users that it can support. In
the future, further optimization methods for the currently
proposed testbeds would be needed to make it easier to
implement on available hardware and give more flexibil-
ity to the researchers in terms of network design and the
number of users supported. The development of lower-
cost testbeds will allow more studies to be done on hybrid
networks optimization algorithms from load balancing to
AP selection. In addition, the availability of easy-to-setup
hardware will make it more accessible for researchers
ARXIV VERSION UPLOADED: JULY 5 2020, ABUELLA ET AL.: HYBRID RF/VLC SYSTEMS SURVEY 21
to develop new applications and use cases for hybrid
RF/VLC networks.
• New modulation schemes and access methods (OFDM,
NOMA) for Hybrid RF/VLC networks:
Numerous studies have been conducted on testing new
modulation techniques and access methods. Devices that
support hybrid RF/VLC would require its internal hard-
ware RF front-end and baseband blocks (to be updated
and optimized). For example, researchers in [194] pro-
posed a new hybrid of radio optical OFDM (HRO-
OFDM) scheme which combines both RF and VLC link
in the physical layer. This new OFDM scheme design
improves optimization and allocation of both power and
bandwidth for both technologies which allows the net-
work to achieve better performance. Moreover, multiple
studies proposed using NOMA which appeared to be less
sensitive to LOS availability compared to OFDMA [156],
[196], [197]. In [196], a novel energy efficient NOMA
hybrid RF/VLC system has been proposed. Particularly,
authors have considered using downlink hybrid RF/VLC
and deriving a closed-form expression for energy effi-
ciency which is subsequently used for extensive energy
efficiency analysis of their proposed scheme. Authors
have further demonstrated that NOMA is less sensitive
to LOS compared to its OFDMA-based counterpart. In
[197], multiple access techniques were performed for
maximizing the overall achievable data rate where they
jointly decide on the power allocation coefficients, pairing
index, and link selection. However, the non-cooperative
nature of NOMA makes users competing on resources.
Therefore, studies proposed using a coalitional game ap-
proach instead of standard opportunistic scheme [156]. In
the future, it is expected that researchers would continue
improving the modulation schemes and access methods
utilized by hybrid RF/VLC networks to further improve
the performance and optimize the utilized resources.
• Environment adaptive RF/VLC networks (interfer-
ence, data rate, coverage, number of users require-
ments) and application dependent networks:
As seen throughout the paper, hybrid RF/VLC networks
were proposed to be utilized in different applications to
make use of their advantages and flexibilities. However,
depending on the application and its environment, either
indoor or outdoor, the network parameters need to be
adapted to fully utilize the benefits of a hybrid RF/VLC
network. Moreover, it is expected that more applications
would emerge for hybrid networks as more researchers
get easy to use testbeds and realize the benefits and ad-
vantages of hybrid networks. This means new algorithms
and network topologies would need to be introduced
and studied to adapt networks to new environments and
applications.
B. Expected Future Research Directions
After discussing the research work carried out in the area
of hybrid RF/VLC networks, we present expected future
directions in this section. From the trends we have seen in
the VLCS research, it is clear that more applications that are
based on visible light technologies are going to be introduced
in the future. More coexistence between RF networks and VLC
based networks will be required to improve the user experience
and reduce the networks delay and power consumption. There-
fore, the following research directions could be investigated:
• Introducing new novel and efficient optimization tech-
niques to improve the performance of hybrid RF/VLC
networks.
• Improving implementations for the proposed network
configurations using software defined radio systems
(SDRs).
• Improving the energy efficiency of the network.
• Performing spectrum sensing and utilizing the best avail-
able RF or visible light spectrum by applying machine
learning algorithms (e.g., cognitive radio).
• Finding new applications for hybrid systems (emerging
applications for the hybrid RF/VLC systems).
As discussed throughout the paper, hybrid RF/VLC tech-
nology is very important as it provides both advantages
of RF and VLC standalone systems. Therefore, it will add
diversity, increase coverage, decrease power consumption
and interference. Potential applications are listed as fol-
lows:
– As a replacement for normal Wi-Fi systems, espe-
cially for indoor scenarios.
– In RF interference-free applications to decrease the
RF power used, e.g., airports and hospitals.
– In vehicular communication technologies as V2X
to make use of the built-in hardware (hybrid DSR-
C/VLC).
– Power efficient IoT applications and Machine-to-
Machine (M2M) communication.
– In sensing applications as hybrid RF/VLS (VLS:
Visible Light Sensing), e.g., occupancy estimation
and positioning.
V. CONCLUSIONS
The idea of having a dynamic and reconfigurable network
that can support both RF and VLC is being adopted by a lot
of studies and researchers in recent years. This is due to the
multiple advantages that these systems possess:
1) Having a stable channel under different circumstances.
2) Improving user mobility and security.
3) Making the network less RF interfering.
4) Improving network power consumption, delay, and ca-
pacity.
5) Improving network reliability under a high number of
users and data rates.
6) Integrating it easily with multiple technologies and in
different applications.
These type of networks present features such as smart cog-
nitive networks that are capable of adapting to the surrounding
environment and exploiting optimally the available resources.
These networks offer flexibility and high performance which
greatly suits the new requirements of future networks such as
5G and beyond.
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This paper summarized all the important aspects of these
hybrid networks. First, we have shown how different network
topologies can be used in these hybrid systems depending
on the application considered. These topologies are currently
being tested in the recent hardware implementations of these
hybrid networks. Second, we discussed the different opti-
mization techniques to maximize the performance of these
networks. Third, we described different performance analysis
tools for hybrid networks. These tools ranged from network
metrics to user specific metrics. Moreover, we presented the
applications and environments where these hybrid networks
find applicability and outperform the normal standalone net-
works. These applications are going to expand more as more
studies dedicated to these hybrid networks.
Finally, as a conclusion of the survey work, it is important to
note that hybrid RF/VLC networks come in different network
topologies, use variable handover and load balancing schemes,
and utilize a wide range of modulations and access methods.
The most important thing is to understand the nature of the
intended application of each user-case for the network to
adapt its specifications to the needs of the users and available
resources. Future analyses and simulations for these hybrid
networks are still needed for hybrid networks in terms of ac-
cess methods and load balancing to take advantage of the idea
of using two different technologies (operating frequencies)
competing in the same network. Eventually, these networks
would evolve into smarter cognitive networks that would
maximize the performance of their users while maintaining
efficient resource utilization.
NOMENCLATURE
ADC Analog to Digital Converter
AF Amplify and Forward
APs Access Points
ASTM American Society for Testing and Materials
BER Bit Error Rate
BS Base Station
CDMA Code Division Multiple Access
CSK Color Shift Keying
CSMA Carrier Sense Multiple Access
D2D Device to Device
DAC Digital to Analog Converter
DC Direct Current
DF Decode and Forward
DSRC Dedicated Short Range Communications
DSSS Direct Sequence Spread Spectrum
D-VHO Dwell Vertical Handover
EGT Evolutionary Game Theory
EM Electromagnetic
eU-OFDM enhanced Unipolar Orthogonal Frequency Di-vision Multiple Access
FHSS Frequency-Hopping Spread Spectrum
FOV Field Of View
HetNet Heterogeneous Network
I2V Infrastructure-to-Vehicle
IM/DD Intensity Modulation/Direct Detection
IIoT Industrial Networks Internet of Thing
IoT Internet of Thing
IR Infrared Radiation
ITS Intelligent Transportation Systems
I-VHO Immediately executes Vertical Handover
LB Load Balancing
LED Light Emitting Diode
Li-Fi Light Fidelity
LOS Line of Sight
LTE Long Term Evolution
M2M Machine to Machine
MAC Medium Access Control
MGF Moment Generating Function
MIMO Multiple Input Multiple Output
MISO Multiple Input Single Output
mmWave millimeter Waves
MOO Multi-Objective Optimization
NOMA Non-Orthogonal Multiple Access
NLOS Non-LOS
OFDM Orthogonal Frequency Division Modulation
OFDMA Orthogonal Frequency Division Multiple Ac-cess
PAPR Peak-to-Average-Power Ratio
PD Photo-Detector
PDF Probability Density Function
PDS-ERT Post-Decision State-Based Experience Replayand Transfer
PHY Physical Layer
PLC Power-Line Communication
QoS Quality of Service
RF Radio Frequency
SDR Software Defined Radio
SNR Signal-to-Noise Ratio
SOO Single-Objective Optimization
SP Security Protocol
UE User Equipment
V2I Vehicle-to-Infrastructure
V2V Vehicle-to-Vehicle
VL Visible Light
VLC Visible Light Communication
WAVE Wireless Access in Vehicular Environments
Wi-Fi Wireless Fidelity
WLAN Wireless Local Area Networks
WSN Wireless Sensing Network
SYMBOLS
AR Optical detector size
d
Distance between the receiver and the trans-
mitter
FOV Field of view for VLC receiver
ς Channel path loss exponent
g(θ) Concentrator gain
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Hv Optical channel gain
K All the gains and the transmitted power
m Order of the Lambertian model
φ Irradiance angle
φmax Semi-angle at half-power of the LED
Pt Maximum allowable total power
Pt−RF Power transmitted for RF system
Pt−V LC Power transmitted for VLC system
θ Incidence angle
Ts(θ) Gain of the optical filter
Ri Average data rate of user i
E[.] Expected value operator
γi(t) SINR over time for user i
B User assigned bandwidth
T itr
Multi-hop retransmission time delay per hop
i
Terr Error retransmission time delay
THO Handover time delay
Tavg Average transmission delay
PHO Probability a handover process occurs
Perr Probability a transmission error occurs
N Maximum number of hops in the system
BER Bit error rate
Pc Signal coverage probability
γo Users’ instantaneous SINR
γth Target SINR threshold
F Jain’s fairness index
NAP Number of connections for all APs in network
Ri Achievable data rate of the AP per connection
LHO Handover overhead
Roverhead
Average data rate of control signal and han-
dover
Rdata Average data rate for the users’ actual data
ηpower Network power efficiency
Pavg Average power consumption of the network
Ravg Average data rate of all users
ηspectrum Area spectral efficiency
Acov
Area covered by the network with a minimum
data rate
Rs
Source constant data rate of confidential mes-
sage
PSOP Secrecy outage probability
Cs Secrecy capacity
γD Instantaneous SINR at the destination
γE Instantaneous SINR at the eavesdropper
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